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Abstract 
A non-contact self-running ultrasonically levitated 2D stage is discussed. In our previous work, the ultrasonically levitated linear 
slider for a self-running sliding stage was investigated. When the flexural vibration mode is excited along the slider, the slider on 
the flat substrate can be levitated due to the acoustic radiation force from the own vibrating plate. The slider can move the same 
direction as the acoustic streaming induced along the air gap. The proposed 2D stage was fabricated from a rectangular aluminum
plate and the four vibrating plates were integrated. The vibrating plates are cantilever-type and the PZT elements are attached on 
the fixed-end of the vibrating plates. The 2D stage has four our previous linear sliders, two pairs both in x and y directions. To 
isolate the performances of each vibrating plate, the four vibrating plates with different lengths were designed. The 2D stage 
could be levitated at the several frequencies from 60 to 70 kHz. By changing the driving frequency, the moving direction of the
stage could be controlled. The maximum thrust of 5.3 mN could be obtained at 71 kHz with 70 Vpp.
PACS: 43.25.+y; 43.35.+d 
Keywords: 2D non-contact stage; acoustic radiation force; FEA; near-field acoustic levitation 
1. Introduction 
Ultrasonically levitated actuators utilizing high intensity ultrasound have several advantages compared with air 
bearing and magnetic systems such as a simple configuration, low-profile and silence in operation. The authors have 
been investigating the non-contact ultrasonically levitated stages: the sliding table with two triangular cross-
sectional beams [1] and the self-running bidirectional slider with the aluminum rectangular frame [2]. These non-
contact type ultrasonic actuators utilized the traveling waves propagating along the stator beams or the slider itself in 
their movement mechanism. By generating the traveling wave, the acoustic streaming can be induced along the air 
gap, and the thrust force to the slider can be generated through the viscosity force of the air [3]. The traveling wave 
can be generated by two vibration sources with two-phase drive [1,2]. In this case, one of the vibration sources acts 
as a generation source of sound wave, and the other acts as an absorber. However, the driving condition, in which 
the traveling wave can be generated, is complicated somewhat and is related to several parameters such as the 
positional relationship between two driving sources, the temporal phase difference, and the impedance matching 
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beween the transducers and the vibrating beam. It is well-known that acoustic streaming can be also induced in the 
field of an attenuated plane traveling wave [4] and asymmetric acousitc standing wave fields. In our previous work 
[5], the standing-wave-type ultrasonically levitated slider for a self-running sliding stage was investigated, and the 
non-contact straight back-and-force motion of the slider could be achieved. The motivation of this linear slider was 
the use for a compact-size non-contact 2D stage without guide rails which the conventional ultrasonically levitated 
table requires. In this paper, a novel ultrasonically levitated 2D stage is proposed, and the levitation and propulsion 
performance is investigated. 
2. Configuration of the vibrating plates for the 2D stage 
We developed the bidirectional linear slider for a self-running 2D ultrasonically levitated stage [5]. The slider has 
a simple structure: it consists of a rectangular aluminum plate (30×10×1 mm) and a PZT element (10×10×1 mm) as 
shown in Fig. 1 (a). The PZT element is polarized in the thickness direction and the two components are bonded by 
the epoxy. When the flexural vibration is excited along the vibrating plate, the slider on the flat substrate can be 
levitated with the small distance compared with the wavelength in air due to the acoustic radiation force from the 
own vibrating plate (this phenomenon is called “near-field acoustic levitation (NFAL) [1,2]”). When the flexural 
standing wave excited along the slider is asymmetric in the length direction of the slider by attaching the PZT 
element on the edge of the vibrating beam, the sound pressure distribution in the air gap between the slider and the 
flat substrate is also asymmetric. The acoustic streaming is induced in such asymmetric acoustic standing wave 
field, and the slider can move in the same direction as the acoustic streaming due to the kinematic viscosity force of 
air. By changing the driving frequency, the flexural vibration mode of the slider could be also changed and the 
moving direction of the slider could be controlled. The lattice-shape flexural vibration mode (which we term the 
vibration mode A in this report) and the complex combination of the flexural and the lattice mode (which we term 
the vibration mode B) were excited at the driving frequencies of 68 and 69 kHz, respectively (Fig. 1 (b)), and the 
slider moved to the negative and positive x directions with the vibration modes A and B, respectively. The thrust of 
2.8 and 1.8 mN in the negative and positive directions was obtained at 68 and 69 kHz.  
We concluded the moving directions of the slider were determined by the sum of the acoustic streaming along the 
gap, and the driving force of the acoustic streaming can be approximately calculated from the spatial gradient of the 
acoustic field. We propose the ultrasonically levitated 2D stage, in which the four previous self-running linear 
sliders are integrated to a base plate, and the vibrations of these four sliders will control the thrust of the 2D stage in 
the four directions, i.e., positive x, y, and negative x, y directions. To isolate the performances of each embedded 
slider, the four sliders with different lengths were designed to have different resonance frequencies. The lengths of 
these sliders were determined via the finite element analysis (FEA).  
Figure 2 shows the relationship between the slider length and the resonance frequency of the vibration modes A 
and B calculated by the FEA. With the slider length of 25 to 30 mm, the lower resonance frequencies of two 
vibration modes can be obtained with the larger slider length. It can be seen that the resonance frequency of the 
vibration mode A is approximately 3 kHz higher than that of the mode B. In fact, however, the mode A could be 
excited at the lower driving frequency in our previous work. It is possible that the difference between the 
experimental and computed results is attributed to the use of the first-order elements in the FEA model. Now we 
focus on the vibration mode A on the slider since the larger thrust will be obtained compared with that in the 
vibration mode B as mentioned above. From the computed results by the FEA, the lengths of four sliders were 
determined to be 27, 28, 29 and 30 mm with the resonance frequencies of 79, 77, 75 and 72 kHz. 
1048 D. Koyama, K. Nakamura / Physics Procedia 3 (2010) 1047–1052
D. Koyama and K. Nakamura / Physics Procedia 00 (2010) 000–000
Aluminum platePZT
30
10
10
1
1
Unit: mm
(a)
(b)
x
y
z
0
5
10
y
 d
ir
ec
ti
o
n
[m
m
]
5
10
y
 d
ir
ec
ti
o
n
 [
m
m
]
0
0 10 20 30
x direction [mm]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 10 20 30
x direction [mm]
mode A
mode B
90
85
80
75
70
65
60
R
es
o
n
an
c
e
fr
eq
u
en
cy
[k
H
z]
3130292827262524
Beamlength [mm]
mode A
mode B
Fig.2  Computed (FEA) relationship between the beam length of the
slider and the resonance frequencies of two vibration modes.
Fig.1 The self-running ultrasonically levitated bidirectional 
slider. (a) Configuration and (b) two flexural vibration modes
at 68 and 69 kHz which induce the slider movements [5].
3. Levitation and propulsion performance of the 2D stage
Figure 3 shows the configuration of the 2D stage. The proposed 2D stage was machined from a rectangular
aluminum plate (41×41×1 mm), and the four vibrating plates, which is the designed slider in previous sections, were
integrated around the base plate. The vibrating plates are cantilever-type and the PZT elements are attached on the
fixed-end of the vibrating plates and the electric wires are connected to these four PZTs. The mass of the stage was
7.4 g. The four vibrating plates, two pairs both in x and y directions, on the channels 1, 2, 3 and 4 have different
lengths of 30, 29, 28 and 27 mm, respectively, to isolate the performances of each vibrating plate. By sweeping the
driving frequency from 68 to 80 kHz, the vibration mode of the 2D stage was investigated. The vibration
displacement amplitude of the four vibrating plates was measured by using a laser Doppler velocimeter (LDV).
Figure 4 shows the frequency characteristics of the vibration displacement amplitude of the four vibrating plates. 
The measured position on the vibrating plate is the center in the width direction and the opposite side from the PZT 
as shown in same figure since the loop of flexural vibration in the mode A is appeared.  There were several peaks on
the four vibrating plates from 68 to 80 kHz, and the vibration mode A will be excited on the vibrating plates 1, 2, 3 
and 4 at 71, 72, 74 and 77 kHz, respectively.  These experimental resonance frequencies are close to the expected
values compared with the predicted values by the FEA in the previous section. The vibration displacement
amplitude distributions on entire 2D stage were measured by the LDV at 71, 72, 74 and 77 kHz and the result at 74
kHz are shown in Fig. 5.
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Fig.4  Frequency characteristics of the vibration displacement
amplitude of the four vibrating plates on the channels 1 to 4. The
vibration was measured at the center in the width direction of
the vibrating plate (upper right).
The displacement amplitude of the vibrating plate on the channels 3 was prominent compared with that of the
others, and the vibration mode A could be observed. Similarly, the vibration mode A could be observed 71, 72, and
74 kHz on the channels 1, 2, 4. However, the coupling vibration can be seen in some cases: the displacement
amplitude on the channel 2 was also large when the vibration mode A was excited in the channel 3. In this case, the 
vibration mode B on the channel 2 was excited since the vibration mode B is excited at approximately 2 kHz higher
than the resonance frequency of the mode A at 72 kHz.
The levitation characteristics of the stage were investigated. The stage on the flat substrate could be levitated with
the driving voltage of 80 Vpp at several frequencies from 60 to 100 kHz. The levitation distance of the stage was
measured by a digital microscope (VH-8000 and VH-Z450, Keyence, Osaka, Japan). According to the NFAL theory
[6,7], when the vibration mode of the sound source is the in-phase piston vibration mode, the levitation distance of
the plane plate h is proportional to the vibration displacement amplitude u. Figure 6 shows the relationship between
the vibration displacement amplitude and the levitation distance of the stage at 74 kHz. The vibration displacement
amplitude indicates the maximum value on the stage and the levitation distance indicates that at (x, y)=(2 mm, 41 
mm) in Fig. 5. The larger levitation distance h can be obtained with the larger displacement amplitude u, and h is 
proportional to u1.1.
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Fig.5  Vibration amplitude distribution of the stage at 74 kHz.
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Fig.6 The levitation distance versus the vibration displacement
amplitude of the stage at 74 kHz.
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The propulsion characteristics of the stage were investigated. The thrust of the stage was measured by inclining
the stage and the guide using a goniostage. The stator will remain still when the thrust equals the fraction of the
weight of the object along the inclined guide. To restrict the stage’s movement to straight back-and-force motion,
the stage was set in a guide with 1-mm deep and 41.5-mm wide. The stage was moved with the diving voltage of
120 Vpp at several frequencies at which the stage could be levitated. The four PZT elements were excited with same
in-phase driving signal. The thrust characteristics of the stage are summarized in Table 1. When the stage movement
was restricted to the straight motion in the x direction, the stage was levitated and moved in the positive and 
negative x directions at 71 and 74 kHz with the thrust of 2.0 and 2.7 mN, respectively. Likewise, when the stage
movement was restricted in the y direction, the stage was moved in the negative and positive y directions at 72 and
77 kHz with the thrust of 2.0 and 1.7 mN, respectively. By changing the driving frequency, the moving direction of
the stage could be controlled in two dimensions with single-phase drive. It is obvious that the moving direction is
attributed to the flexural mode A on the vibrating plate with the prominent vibration amplitude, and the moving
directions of the stage correspond with that of our previous linear slider. The thrust of the stage was measured with
changing the driving voltage. Figure 7 shows the relationship between the driving voltage and the thrust in the
positive x direction at 71 kHz. The experimental values and the error bars indicate the averaged values of 5 times
and the standard deviations. The stage could not be levitated with the driving voltage under 40 Vpp due to the small
vibration amplitude. When the stage was excited with the driving voltage of 40 to 70 Vpp, the thrust could be
increased with the input voltages. With the driving voltage over 80 Vpp, the thrust was decreased with the increase of 
the input voltage, and the maximum thrust of 5.3 mN could be obtained with 70 Vpp. Since the levitation distance
increases with the input voltage, i.e. the vibration amplitude, as shown in Fig. 6, the acoustic streaming is decreased
and the thrust is also decreased by increasing the input voltage. In the case that the vibration amplitude is decreased,
the acoustic streaming is also decreased due to the effect of the viscosity boundary layer. Therefore the thrust of the
stage has the optimum value against the input voltage.
Table 1. Propulsion characteristics of the stage
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Fig.7   The thrust force of the stage versus the input voltage to 
four PZTs.
4. Conclusions
The non-contact self-running ultrasonically levitated 2D stage was proposed, and the levitation and propulsion
performance were investigated. The stage consists of the base plate and the four vibrating plate, which has similar
configuration as our previous self-running linear slider with the different lengths. The four cantilever-type vibrating
plates were designed by the FEA to isolate the vibration characteristics of each vibrating plate. The 2D stage could
be levitated and moved at expected frequencies around 70 to 80 kHz. The flexural lattice vibration mode assists the
stage movement, and the non-contact movement of the stage in two dimensions could be achieved by controlling the
driving frequency. The maximum thrust of 5.3 mN could be obtained at 71 kHz with 70 Vpp.
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